Introduction
Rail corrugation is the generation of continuous periodic rail surface roughness in the rail longitudinal direction due to repeated passage of railway vehicles. Rail corrugation is a key source of running noise and vibrations. Vibration excitation in turn accelerates track irregularity, and causes the deterioration of track material. Figure 1 shows examples of actual deteriorated track irregularity on a ballasted track. The evaluated index is the standard deviation of the longitudinal level irregularity along a 100m section. The group of track irregularities in a curve section of 400m in radius and that in a straight line section near this curve are shown in the figure. Rail corrugation was generated on the low rails in the curve section, and rail corrugation was not generated in the straight line section.
Track irregularity worsens faster in curve sections affected by rail corrugation. Figure 1 shows also that track irregularity increases immediately after a first round of maintenance with the tamping machine. Track irregularity grows only gradually however straight sections with no rail corrugation. After a second round of maintenance with a tamping machine executed after rail grinding, track irregularity increased gradually in the curve section, at the same pace as in the straight section.
At this stage it is useful to understand the generation mechanisms of rail corrugation to effectively maintain it. Considerable research has already been conducted into developing methods to measure rail surface roughness. There are two main methods to measure rail surface roughness. The first measures rail roughness as an indirect physical value, whereas the second measures it directly. The indirect method applies a technique using the axle-box acceleration measured with the track inspection car [1] . Another technique also exists with a portable on-board monitoring device which uses internal noise that can be measured inside commercial cars [2] . The direct measurement method employs an on-board device to apply the principle of the second differential method and another trolley-like device which applies the principle of metrological inertia [3, 4] . Other devices, commercialized in Europe, continuously measure rail surface roughness.
To date however there are no portable devices on the market for practical use in Japan that continuously measure rail surface roughness. The only model in practical use is a machine pulled by a maintenance car [5] . This paper therefore examines techniques for continuously measuring the rail surface roughness without using maintenance cars, and describes the development of a portable trolley-type device [6] . A software was also developed as part of this work for controlling the trolley and simple data processing. This paper describes the outline of the developed device and software. This paper then proposes an efficient rail corrugation maintenance technique which uses the developed device. 
Outline of trolley for the continuous measurement of rail surface roughness
Two prototypes of the proposed device were built. Figure 2 shows an external view of the second prototype "Trolley for the Continuous Measurement of Rail Surface Roughness." This trolley is portable and manually pushed. Table 1 shows the specifications for the major components. When this device is transported, the device can be stored in an aluminum trunk after dismantled. When this device is used for measurement in the field, the device is assembled. In the first prototype, the development of the measurement mechanism was assumed to be the main purpose, and a lap top computer was not installed [6] . In the second pro-
Fig. 2 External view of developed trolley (second prototype)
totype, for practical application of this device, a software was developed and a lap top computer was installed. The outline of the developed software is described in Chapter 3.
Measurement principal and main mechanism of the trolley
The second prototype of the "Trolley for the Continuous Measurement of Rail Surface Roughness" is a trolley to measure the rail surface roughness continuously by two asymmetrical chord offsets composed of four laser displacement sensors as shown in Fig.3 . The asymmetrical chord offset method was developed chiefly for the measurement of track irregularity, which is usually measured with three displacement sensors. Therefore, this device calculates the rail surface roughness by using the output of three sensors so that the short chord of the asymmetrical chord offset lies ahead according to the traveling direction of the device. The remaining sensor is thus not usually used and means that there is a redundancy to continue normal measurements if one of four sensors breaks down by changing the sensors that compose the asymmetrical chord offset and the calculating formula.
The arrangement of the asymmetrical chord offset was examined and made so that a high measurement gain can be obtained in the wavelength band of a general rail corrugation of a meter-gauged railway, namely in the range from several tens to several hundreds of mm and that there is no wavelength band where the measurement gain becomes 0. As a result, a 25 mm-230 mm asymmetrical chord offset was adopted to prevent the ratio of the long chord length to the short chord length producing integral multiples. The ratio of the long chord length to the short chord length in this case was 9.2. Figure 4 shows the measurement characteristic of 25 mm-230 mm asymmetrical chord offset. There was no wavelength band where gain reached 0, though in the wavelength 25 mm the measurement gain was 0.115. Measurement gains of 0.2 or more were secured within the range of the wavelength 27-700 mm. As a result, general rail corrugation generated on a meter-gauged railway could almost be measured.
Since the rail surface roughness is measured while moving along the rail, the device is exposed to a large vibrations. To mitigate these vibrations, the reference beam where the laser displacement sensors are installed was supported with double suspension.
Rail corrugation is often generated not only on the top surface of the low rail but also along the gauge corner of the high rail. In order to be able to measure high rail cor- rugation, the reference beam can be adjusted to an arbitrary position within the range of ± 20 mm from the rail center in the direction of the rail section in this device. Figure 5 shows the flow chart for processing the measured data. First of all, the six data series indicated in the flow chart are collected in the data recorder as data along the time axis. The collected data are the measurements of the four displacement sensors, equal distance pulses from the rotary encoder, and marker pulse input at an arbitrary position.
Computational method to obtain rail surface roughness
The collected data are first calibrated, and the noise is removed with the low-pass filter on the time domain. Next, measurements of the displacement sensors are converted into equal-interval data on the distance domain by using the equal distance pulse. The equal distance pulse of this device adopts 5 mm intervals, and 1 mm sampling data is output in the program. The output data of arbitrary equal intervals can be adjusted by changing the parameters in the program.
First, the data of each displacement sensor converted to the equal interval data on the distance domain are used for calculating the value of the asymmetrical chord offset by using (1) . Next, the value of the asymmetrical chord offset goes through the restoration processing that uses a reverse-filter of the measurement characteristic of (2). The influence of the vibration of the device in addition to the rail surface roughness component with short wavelength and track irregularity with long wavelength are included in the value of the asymmetrical chord offset before the restoration process. Therefore, the frequency band of the restoration filter is set to eliminate the unnecessary component of the track irregularity and the vibration of the device. Next, after the restoration process, the value of asymmetrical chord offset is used as input to a frequency analysis. Based on the frequency analysis, the wavelength of rail corrugation is specified, and the rail surface roughness of rail corrugation is extracted with the best bandpass filter. Finally, the position is corrected by using the noise generated when train passes the rail joint which is included in the output of displacement sensor or marker pulse, and then it is possible to obtain the rail surface roughness data of the rail corrugation. The value of the asymmetrical chord offset is shown by (1) using the principle of the second-order differential method.
Here, a：length of short-chord，b：length of long-chord， z 1 ～ 3 (x)：measurements of the sensors 1 to 3 Here, the frequency characteristic of the asymmetrical chord offset method |H(f)| is shown by (2) . The rail surface roughness can be obtained by processing z(x), the value of the asymmetrical chord offset obtained by (1) with the filter with a reverse-characteristic of this |H(f)|. This filter processing is called restoration processing. Finally, the rail surface roughness of rail corrugation is extracted with an appropriate band-pass filter.
Verification results of measurement accuracy of trolley
The measurement accuracy of the prototype was verified on a commercial line. Only three displacement sensors were installed on the first trolley prototype. The measurement accuracy was confirmed by shuttling the trolley two or more times through the same sections. The standard deviation of the differences of those measurement waveforms was defined as the reproducible error and was evaluated. In addition to the comparison of the evaluated results in the same measurement direction, the evaluation results in a different measurement direction were also compared The purpose of this double comparison was to examine whether size production error margin of the chord length etc. of the asymmetrical chord offset had an influence on the measure- ment precision. The examination was executed in the section of a sharp curve of 185 m in radius and cant of 105 mm, where rail corrugation was generated on the top surface of the low rail and at the gauge corner of the high rail. Figure 6 (a) shows the measured example of low rail corrugation. These waveforms represent the measurement results of rail surface roughness measured three times in the same section by the short-chord ahead at the rail center of the low rail. Each waveform was filtered with the band-pass filter set at a wavelength of 40-150 mm. This figure shows high reproducibility of a rail surface roughness waveform measured with the short-chord ahead.
Next, Fig. 6(b) shows the measured example of high rail corrugation. These waveforms represent the measurement results of rail surface roughness measured three times in the same section by the short-chord ahead and long-chord ahead respectively at the position on the gauge corner side 20 mm apart from the rail center of the high rail. Each waveform was filtered with the band-pass filter of the wavelength of 150-300 mm. This figure shows high reproducibility of a rail surface roughness waveform measured with the short-chord ahead and the long-chord ahead respectively.
The reproducible error in the measurement results was calculated under various conditions. As a result, the reproducible error of measurement in the same direction was about 0.010 mm at the maximum, and in the other direction was about 0.015 mm at the maximum. The reproduction accuracy of the laser displacement sensor unit used in the device is given by the manufacturer to be 0.002 mm. The reproducible error of this device is slightly larger than the sensor unit. It should be noted that the result was obtained by the combination of three sensors. The height of rail corrugation was about 0.2-0.3 mm generally, though major corrugation could exceed 0.5 mm. In conclusion, this means this device gives measurements which are accurate enough for practical use. 3. Software development for practical application of the device
Necessity of software
This trolley was originally developed to clarify the causes of rail corrugation. Therefore, there had been no obvious need for processing of measurement data in the field. Measurement data was processed off-line by using a special processing program (batch file) based on a track maintenance database system "LABOCS" [7] . After further thought however, it was decided that a software able to simply confirm the measuring data in the field and able to control the device was necessary in order to put this device to practical use. The software was designed to function on a Windows OS based on the LABOCS system. Figure 7 shows the screen shot of the developed software. This software has functions to control the device, to process and display the measured data, and to confirm the operational conditions of the device.
Outline of the developed software
With respect to the "measure and control function," six parameters are input from the pull-down menu or the keyboard before the measurement begins. These parameters are railway line section, train operation direction, left or right of rail, starting mileage (in kilometers), direction of trolley and measuring direction. Measurements commence by clicking "Start" and "Stop." When "Stop" is clicked, measured data is automatically processed. As input information is recorded in the measured data by this function, the maintenance crew can easily relate measured data with the data sheet.
This function also allows the maintenance crew to confirm the operational condition of the device at any time. Several types of status can be confirmed for the device, namely, connection status of the data recorder to the computer, operational condition of each sensor, accumulated measuring distance obtained with use of the output of the encoder, and real time measuring speed.
With respect to "data processing and display function," signal processing and frequency analysis can be applied to the measured data. In addition, the data processing result can be displayed in the chart display and be output in the text file. Figure 8 shows an example of the measured rail surface roughness waveform. With respect to this software, the user can select the BPF of the pass band prepared beforehand shown in Table 2 , or can select an arbitrary BPF. As a result the chart of the rail surface roughness can be displayed using the filter that suits the wavelength of the generated rail corrugation. Filters A, D and F in Table 2 are compliant with EN13231-3 [8] . Figure 8 gives an example of a chart containing processed results with a Type B BPF (wavelength band 50-150 mm).
When selecting the BPF, both the ends of the transition band and those of the pass band to be extracted, and the filter order need to be set. This software assumes the user has no special knowledge of digital signal processing. Thus if the user inputs only the wavelength band to be extracted, other parameters are automatically decided and the best filter is also selected. These functions ensure that users are able to process the measured data with the best filter, and can easily detect when rail corrugation has occurred. Moreover, the processed data corresponding to an arbitrary mileage can be selected, the scale of the rail surface roughness can be adjusted, and the display can be changed easily. Figure 9 shows an example of the frequency analysis result of the rail surface roughness. With this software, the user can specify any kilometer point in an arbitrary section, and calculate the power spectrum of the rail surface roughness corresponding to the specified kilometer. A horizontal axis of the power spectrum is a spatial frequency, and the reciprocal of the spatial frequency of the peak corresponds to the wavelength of the rail corrugation. In Fig. 9 the peak is seen at the spatial frequency 10 [1/m]. Therefore, the user can easily know that rail corrugation of wavelength of 0.10 m has been generated at this spot.
The chart in Fig. 8 and the spectrum in Fig. 9 are the outputs obtained with LABOCS. The software can output files in csv format which means that data editing can be done in any spreadsheet program. 
Proposal of rail corrugation maintenance technique

Example of application to rail grinding
Large areas of rail surface roughness have been measured on commercial lines using the developed "Trolley for Continuous Measurement of Rail Surface Roughness." This chapter presents a sample of cases, for which investigations were carried out to determine the number of rail grinding passages required for removing the rail surface roughness causing rail corrugation.
First of all, areas of rail corrugation along the sections were identified by using the on-board rail corrugation monitoring device, shown in Fig. 10 . This monitoring device can identify a location of occurrence of rail corrugation and its rough size by measuring noise inside a commercial train. Figure 11 shows an example of the on-board monitoring results on ballasted track. Rail corrugation is evaluated with this device by space weighted level of the internal noise. From this figure, rail corrugation was estimated to be worse in 350 m radius curves than in 300 m radius curves. In this curve, rail grinding for rail corrugation removal was originally scheduled to be executed in the following two days by using a rail grinding car with six grinding stones, because of the extent of the area affected by rail surface roughness. However, the variation of the noise level in the curve was large. As such it was decided to first measure the detailed rail surface roughness in this curve by using the "Trolley for the Continuous Measurement of Rail Surface Roughness," before examining the optimal number of grinding passages required and size of grinding section. Figure 12 shows the measured results of rail surface roughness in the test curve before and after the rail grinding. Rail surface roughness before grinding showed a wave height of rail corrugation of about 0.2-0.3 mm in sections A and B. Wave height was smaller at 0.2 mm or less in section C. In general, a rail grinding car with six grinding stones can remove about 0.02-0.03 mm from the top of the rail surface on each passage. Therefore, eight passages and six passages were planned for sections B and C respectively. The rail was not ground in section A.
From the measured results of rail surface roughness after grinding, it became clear that rail corrugations had been almost completely removed in both sections B and C, These results show that the trolley can not only determine the optimum number of grinding passages, but also identify the best section for rail grinding based on the measured data and the effect of grinding per passage of the rail grinding car. The final condition of the rail after grinding was confirmed by measurement.
Proposal of efficient maintenance technique for rail corrugation
Finally, this paper proposes an efficient maintenance technique for rail corrugation using the developed Trolley for the Continuous Measurement of Rail Surface Roughness and other technologies already developed by the same group of researchers. Figure 13 shows a flow chart of maintenance.
First of all, maintenance staff take measurements from the train by using the on-board rail corrugation monitoring device along the section to be maintained. The results of these measurements localize areas of rail corrugation and provide an estimation of the size of the corrugation.
Next, rail surface roughness is measured using the developed Trolley for the Continuous Measurement of Rail Surface Roughness, in sections where rail corrugation amplitude is assumed to be high. This makes it possible to gain a more detailed picture of where corrugation has appeared and the amplitude of that corrugation, along the section.
Rail grinding needs and required rail grinding car operation are then examined through the rail grinding car operation support system [9] . The rail grinding operation is then planned on the basis of results obtained from the system. The optimum number of grinding passages is then set according to rail surface roughness measurement results. The final condition of the rail after grinding is confirmed using the Trolley for the Continuous Measurement of Rail Surface Roughness. Rail replacement is considered for cases where rail grinding is not possible due to operational restrictions, or when rail grinding is deemed to be ineffective because rail surface roughness is beyond repair.
Finally, rail surface roughness progression along the 
